The Golgi apparatus maintains a highly organized structure in spite of the intense membrane traffic which flows into and out of this organelle. Resident Golgi proteins must have localization signals to ensure that they are targeted to the correct Golgi compartment and not swept further along the secretory pathway. There are a number of distinct groups of Golgi membrane proteins, including glycosyltransferases, recycling trans-Gotgi network proteins, peripheral membrane proteins, receptors and viral glycoproteins. Recent studies indicate that there are a number of different Golgi localization signals and mechanisms for retaining proteins to the Golgi apparatus. This review focuses on the current knowledge in this field.
Introduction
The survival of a cell depends on maintaining the integrity of the intracellular organelles. This feat is achieved by highly selective sorting and accurate transport of proteins to their correct destinations. Over the past few years the dissection of the molecular machinery for targeting and localization of proteins, in particular proteins of the secretory pathway, has been studied vigorously. Defined sequence motifs have been identified on proteins which can act as 'address labels'. The Golgi apparatus represents the 'hub' of the secretory pathway where intense membrane traffic is controlled. This organelle not only co-ordinates the sorting of newly synthesized proteins but is also responsible for the control of posttranslational modifications, in particular glycosylation. A fundamental question currently being addressed in cell biology is how the Golgi apparatus is organized to achieve these demanding functions and how it maintains its structural integrity in spite of the intense membrane traffic which enters and leaves this organelle. This review will focus primarily on our understanding of the molecular signals and mechanisms for the retention of resident Golgi proteins.
The Golgi apparatus is a highly complex and dynamic organelle, which has been difficult to define in three-dimensional terms [1] . It consists of a number of (reflecting in part the cholesterol content), pH, and most importantly in the populations of resident proteins which they contain. However, detailed biochemical characterization of the individual cisternae is lacking as the current methods are inappropriate to allow their purification. Newly synthesized proteins are transported sequentially from the ER to the Golgi and then to their final destination. The transport of newly synthesized proteins from the endoplasmic reticulum to Golgi cisternae, between adjacent cisternae within the Golgi stack, and from Golgi cisternae to various destinations is mediated by vesicles shuttling between donor and recipient compartments. Vesicles bud from one compartment and then target and fuse with the next compartment [7, 8] . An increasing number of structural and regulatory components have been identified which are involved in the orchestration of the complex and intriguing processes of budding, specific targeting, docking and fusion [9] [10] [11] . Some of the components of this machinery are localized only to Golgi membranes and are thought to be specific for membrane transport through and from the Golgi apparatus. The restricted location of these components indicates the presence of specific localization signals.
Until recently it was widely believed that, if correctly folded, newly synthesized proteins are transported from the endoplasmic reticulum, through the Golgi stack to the TGN without the requirement for a specific transport signal [7, 12] . However, the concept of 'bulk flow' of membrane proteins from the ER has recently been challenged by the finding that vesicular stomatitis virus G glycoprotein is significantly concentrated during export from the ER [13] . Nonetheless forward transport, at least from the Golgi apparatus to the cell surface, appears to constitute a signal-independent or default pathway. Despite this extensive flux of proteins, it is imperative that the Golgi apparatus maintains the set of resident proteins which define its unique structural and functional properties. Thus, it would appear that newly synthesized Golgi membrane proteins must stop at the correct cisterna, or subcompartment, and be prevented from being swept into transport vesicles that bud from the dilated rims of the cisternae. Clearly, specific localization signals are required for retention of proteins which reside in the Golgi apparatus.
Basic concepts of sorting and localization: lessons learned from retention of ER proteins
What do we know about the sorting signals and mechanisms for the localization of non-Golgi proteins within the secretory and endocytic pathways? A number of sorting signals have been found associated with the cytoplasmic domains of membrane proteins [14] . For example, short tyrosine-containing peptide motifs found on cytoplasmic domains direct the sorting of proteins from the plasma membrane via the receptor mediated endocytosis pathway [15] and the transcytosis of basolateral proteins to the apical surface of certain polarized cells [16] , while a dileucine-containing peptide motif directs the transport of Man-6-P receptors from the TGN to the late endosomes [17, 18] . These cytoplasmic domain sorting signals mediate interactions with coat structures of budding vesicles and thereby allow the selective vesicular transport of these membrane proteins between a variety of compartments [ 19] .
Much progress has been made in defining the retention signals for resident ER proteins. Targeting signals have been identified for both soluble and membrane-bound proteins residing in the ER. A specific retention signal, comprising the carboxy terminal sequence KDEL/HDEL, has been identified for a number of resident soluble ER proteins [20, 21] , and a receptor for this retention sequence has been identified [22] [23] [24] . Retention of these soluble ER proteins is mediated by a receptor-based salvaging mechanism, whereby escaped KDEL-bearing proteins are retrieved from a post-ER compartment by a recycling KDEL receptor [24] . For membrane proteins of the E R a double lysine motif (KKXX) at the cytoplasmically exposed carboxy terminus of certain type I membrane proteins has been shown to specify ER residence [25] . For type lI membrane ER proteins, a related double arginine motif at the cytoplasmically orientated amino terminus has been identified [26] . Interestingly, the localization of ERGIC-53 (p53), a type I membrane protein of the intermediate compartment or CGN, requires a KKXX ER retention motif, again suggesting that the CGN may be an extension 
Resident Golgi proteins
It is now clear from recent studies that there are a number of distinct types of Golgi localization signals. Based on these localization signals and other biochemical features the resident proteins of the Golgi apparatus can be divided into five groups (Table 1) . They are all membrane proteins. Interestingly no soluble resident Golgi proteins have been identified within the lumen of the Golgi apparatus, which probably indicates that the mechanisms for retaining proteins to this organelle are restricted to membraneassociated proteins. The five groups are described individually as the mechanism of Golgi localization may be unique for each group.
I. Golgi glycosyltransferases
The Golgi apparatus plays a key role in the glycosylation of newly synthesized membrane and secreted proteins [29, 30] . Based on the exquisite specificities of the currently defined glycosyltransferases [29, 31] , the synthesis of all the known carbohydrate chains of glycoconjugates must require in the region of 100-200 different glycosyltransferase enzymes distributed throughout the Golgi stack. However, very little is known about the structural organization of these integral membrane enzymes within the membranes of the Golgi cisternae and the signals which define their localization within the Golgi are only now beginning to be defined.
A number of glycosyltransferases have restricted distributions within the Golgi apparatus, notably /~1,4 galactosyltransferase (/? 1,4GalT) (trans-Golgi) [32] [33] [34] , :~2,6 sialyltransferase (e2,6ST) (trans-Golgi and trans-Golgi network) [35, 36] and N-acetylglucosaminyltransferase I (GlcNAcTI) (medial-Golgi) [34, 37, 38] . Furthermore, simultaneous immunogold localization of /~I,4GalT and GtcNAcTI in the same Golgi apparatus, confirms that these enzymes have distinct, though overlapping, distributions [34] .
From the purification tables ofGolgi glycosyltransferases, it is clear that individual transferases constitute only a minor percentage of the proteins of the cisternae in which they reside. For example, GlcNAcTI constitutes about 1~ of medial-specific Golgi membrane protein in rabbit liver [39] .
However, in view of the estimated number of Golgi glycosyltransferases, collectively the glycosyttransferases of each Golgi cisterna may represent a very significant proportion, if not the bulk, of the resident membrane proteins.
Numerous mammalian glycosyltransferases have been cloned and sequenced (see reviews [40] [41] [42] [43] ). Individual glycosyltransferases are highly conserved across species, for example rabbit GlcNAcTI shares 92~o and 93~ amino acid sequence identity with human and mouse GlcNAcTI, respectively [4447] . But comparison of the amino acid sequences between the glycosyltransferases has revealed only isolated cases of sequence similarity. For example, there is a high degree of sequence similarity between blood group A and B glycosyltransferases [48] , which are products of two alleles, and between a number of e3(4) fucosyltransferases [49] . Furthermore, a conserved motif has been identified in the catalytic domain of cloned sialyltransferases (the 'sialylmotif') [50] . However, these examples of sequence similarity are the exceptions and, overall, little sequence similarity has been detected between different glycosyltransferases. This is dramatically illustrated by a lack of obvious amino acid similarity between the sequences of four different GlcNAc transferases involved in the synthesis of the outer antennae of complex N-glycans, namely GlcNAcTI [44, 45] , GlcNAcTII [51] , GlcNAcTIII [52] , and GlcNAcTV [53] . One would expect there to be structural similarity between the catalytic sites of these GlcNAc transferases but this has not been detected from their amino acid sequences. Thus, comparison of the primary structures of Golgi glycosyltransferases has not revealed a potential Golgi localization motif. There is, however, a striking similarity in the domain structure of these Golgi enzymes. All Golgi transferases cloned to date are Nin/Cou t (type II) membrane proteins containing a single hydrophobic membrane-spanning domain (16-25 amino acids) which also serves as a non-cleavable signal sequence. Each has a short N-terminal cytoplasmic domain (many have less than 10 amino acids), and a large carboxyl-terminal catalytic domain situated in the lumen of the Golgi apparatus. The catalytic domain is linked to the transmembrane domain by a loosely defined 'stem' region which may play a role in positioning the catalytic domain away from the lipid bilayer facilitating access to the substrate.
A. Nature of localization signal
Over the past 4 years a number of groups have attempted to identify the targeting signal responsible for the localization of gtycosyltransferases. Three glycosyltransferases have been extensively examined, namely cd,6ST, /~I,4GalT, and GlcNAcTI. These enzymes are residents of the TGN, TGN/trans-Gotgi, and medial-Golgi respectively. A common strategy has been employed by all groups to identify a putative Golgi retention signal(s) by analysing the localization, in transfected mammalian cells, of hybrid molecules containing limited sequences derived from Golgi glycosyltransferases. In all cases, the membrane-spanning domains of the Golgi glycosyltransferases have been shown to direct, at least partial localization of hybrid molecules to the Golgi apparatus [54] [55] [56] [57] [58] [59] [60] [61] . Indeed it has been further demonstrated that the transmembrane domain of/?I,4GalT and GlcNAcTI can specifically localize hybrid proteins to the trans and medial cisternae, respectively [55, 61] . However, a number of studies have shown that sequences flanking the transmembrane domain also play auxiliary roles in mediating Golgi localization [54, [61] [62] [63] .
These studies all agreed that the transmembrane domain plays a central role in the targeting and localization of resident Golgi glycosyltransferases. This was an unexpected finding as localization signals up until then were hydrophilic Glycopinion mini-review regions of the cytoplasmic or luminal domains. The involvement of a hydrophobic stretch of amino acids in targeting indicated a unique mechanism for the localization of these resident Golgi proteins.
These initial studies were based to a large extent on the premise that a discrete region, or motif, was responsible for the Golgi localization signal. Further studies have indicated that, although the transmembrane domain is relevant, the situation is far more complex than at first appreciated. Figs 2-4 summarize graphically the regions of glycosyltransferases that have been examined and their ability to direct reporter molecules to the Golgi apparatus. Collectively, a large number of constructs have now been analysed. Figs 2-4 include many of these constructs, however, it is by no means all-inclusive. Those selected are the most instructive and highlight the complexity of the situation.
There is considerable variability in the results obtained between groups, even when comparing the same glycosyltransferase. For example, Wong et al. [60] reported that the transmembrane domain of e2,6ST resulted in very efficient Golgi localization of a hybrid molecule, whereas a hybrid construct of Munro [54] , containing the equivalent c~2,6ST domain, resulted in considerable leakage to the cell surface ( Fig. 2) .
Site-directed mutagenesis of residues of the transmembrahe domain of //1,4GAIT, in the context of hybrid molecules, suggested that uncharged polar residues are critical for the ability of these hydrophobic domains to mediate Golgi retention [56] . However, a number of other studies have indicated that considerable alterations can be made to the transmembrane domain of the native enzymes without abolishing Gotgi retention. For example, Colley et aL [62] showed that sequential replacement of 4-5 amino acid blocks of the transmembrane domain of e2,6ST had no effect on Golgi localization. Further, Munro [54] made the striking demonstration that the transmembrane domain of an e2,6ST hybrid protein (containing the stem and tail of e2,6ST) can be totally replaced by a poly-leucine sequence of similar length without adversely affecting Golgi retention. Munro [54] also reported that the length of the polyteucine segment appeared to be important in maintaining efficient Golgi localization as a transmembrane domain of 23 leucine residues showed leakage to the cell surface. In contrast to this apparent length requirement, Dahdat and Colley [63] replaced the 17 amino acid transmembrane domain of e2,6ST with the long 29 amino acid transmembrane domain from influenza neuraminidase without any apparent disruption of the retention signal.
The difficulty in defining the structural elements associated with transmembrane domains in Golgi localization has been highlighted by a recent study by Low et al. [64] who demonstrated that swapping the transmembrane domains of two cell surface proteins resulted in hybrid molecules which either accumulated in the Golgi or were retarded in transport through the Golgi apparatus.
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Thus, although both native proteins are transported efficiently to the cell surface, swapping the transmembrane domains of these two proteins altered Golgi to cell surface transport. These investigators concluded that the hydrophobic transmembrane domain in relation to its charged flanking sequences is important in transport from the Golgi apparatus to the cell surface.
For both ct2,6ST and GlcNAcTI it is clear that regions flanking the transmembrane domain can augment the efficiency of Golgi localization. For example, additional sequences from the stem region and the cytoplasmic tail increase the efficiency of Golgi localization of ~2,6ST and GlcNAcTI [54, 58, 61] , although the tail and/or stem of ~2,6ST and GlcNAcTI alone is not capable of retaining a reporter molecule to the Golgi 1-54, 60, 61], and removal of the stem region from wild type c~2,6ST [62] or /31,4GAIT [561 does not disrupt Golgi localization. Although the potential of the stem region has been addressed in a number of studies, the potential role of the catalytic domain has been overlooked in most studies. Yet, removal of the cytoplasmic tail and stem, and considerable alteration of the signal/anchor domain, still allowed hybrid ~2,6ST molecules containing the catalytic domain to be Golgi localized [-62, 63] . It should be noted that the membrane flanking sequences, comprising short stretches of charged residues, were maintained in the latter constructs which may also be an important factor in localization. The contribution of the membrane flanking sequences of /~I,4GalT to Golgi localization is not known.
Comparison of the results of all these studies is not straightforward and there are a number of factors which may account for the apparent lack of agreement between them. First, as yet there is no direct evidence that glycosyltransferases localized to different Golgi subcompartments are retained by identical mechanisms. There may be subtle differences between the localization signals which specify residency in medial-and trans-cisternae and in the TGN.
Second, in the majority of studies sequences involved in Golgi localization have been identified by their ability [56] were hybrid molecules of wild-type/~I,4GalT fused to the 59 carboxy-terminal amino acids of the human chorionic gonadotropin c~ peptide. The catalytic activity of this fusion protein was not assessed, thus it is not clear if the lumin domain folded as in the native enzyme. The domain structure of/~I,4GalT is from Pautson and Colley [122] .
to confer Golgi residency upon a reporter protein. Different reporter molecules have been employed by each group and these may differ in their effect on the conformation of a putative retention motif.
Third, the definition of the transmembrane domain has varied from group to group; in some cases the transmembrane domain has been defined as a stretch of hydrophobic residues, excluding charged residues necessary for anchoring membrane proteins within the lipid bilayer [38, 54] , whereas in other studies, two or three charged amino acids on either side of the hydrophobic stretch have been included in the sequence defined as the transmembrane domain [55] .
Fourth, the appearance of hybrid or mutant glycosyltransferases at the cell surface has been frequently used as a measure of disruption of Golgi localization. However, the majority of groups have only used fluorescence microscopy to compare levels of cell surface expression.
Fluorescence microscopy is relatively insensitive and comparisons are at best qualitative. Only a few studies have employed the more sensitive and quantitative technique of flow cytometry to compare levels of cell surface expression between constructs.
Fifth, the expression levels of the hybrid constructs vary between and within studies. We believe this to be a critical factor in assessing these results. Whereas many groups have shown that the native gtycosyltransferases can be expressed at very high levels without saturation of the Golgi retention mechanism [38, 54, 55, 59 ], this does not appear to be true for hybrid molecules. Thus, some groups have employed transient expression systems [54-56, 59, 62, 63, 65] which characteristically display very high expression levels, whereas others have generated stable cell lines where the level of heterologous gene expression more closely resembles that of the endogenous enzyme [38, 57- 
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CATALYTIC DOMAIN Figure 4 . Summary of the localization of GlcNAcTI constructs. Regions of GIcNAcTI tested for the ability to retain a reporter molecule to the Gotgi apparatus (A) and the effect of deletions and substitutions on native GlcNAcTI on localization (B). The coding for the references are indicated. The domain structure of GlcNAcTI is from Sarkar et al. [44] .
of expression have been observed between different constructs. In addition, for any one construct there is a wide range of expression within one transfection experiment, and indeed Dahdal and Colley [63] noted that surface expression of some hybrid proteins appeared to be related to the level of expression in the cells. In our studies on fll,4GalT, we have observed that a construct expressed transiently in COS cells showed a different intraceltular distribution to that of the same construct stably expressed in mouse L cells. Replacement of the 20 amino acid transmembrane domain of /?I,4GalT with the 27 amino acids from the transferrin receptor resulted in abundant cell surface expression in COS cells, and with very little detected in the Golgi region, whereas in stable L cells, which expressed the hybrid molecules at a 50 to 100-fold lower level, substantial amounts of the hybrid molecules were specifically retained within the Golgi apparatus [66] . Clearly, stable clones expressing low levels of the hybrid molecules are likely to be more informative. Sixth, several groups have identified glycosyltransferase sequences which are capable of conferring Golgi localization upon reporter proteins, but have neglected to assess the role played by these sequences within the context of the full length enzyme. Strategies involving reporter proteins are useful for determining the minimum sequence requirements for Golgi localization of hybrid molecules. However, it does not necessarily follow that a sequence which is sufficient to confer Golgi localization upon a reporter molecule is the only sequence involved in retention of the native enzyme. This point was illustrated earlier with the Golgi localization of glycosyltransferases bearing substituted transmembrane domains (Figs 2-4) . Furthermore, most of the studies which have made substitutions of the native enzyme have not assessed the effect of those substitutions on enzyme activity, thus it is unclear whether the structure of the luminal catalytic domain has been perturbed in these studies. In our recent study on GlcNAcTI [61] we have attempted to address many of these problems and have assessed the relative contribution of the cytoplasmic tail, transmembrane domain, and catalytically active luminal domain in medial-Golgi localization. Stable L cell clones expressing hybrid molecules were generated, and clones which expressed equivalent amounts of hybrid proteins were selected for analyses. All hybrid molecules expressing the luminal domains of GlcNAcTI were catalytically active, inferring a native structure for this domain. Cellular localization was assessed by fluorescence microscopy, immuno-electron microscopy and flow cytometry. Overall our study showed that each of the three GIcNAcTI domains contributes significantly to medial-Golgi localization. For example, hybrid molecules containing any two of the three domains of GlcNAcTI were localized to the medial-Golgi and were also present at low levels at the cell surface. Hybrid molecules containing only the transmembrane domain or the luminal domain of GlcNAcTI showed partial Golgi retention together with an increased level of cell surface expression compared with molecules containing two GlcNAcTI domains. Significantly, the catalytically-active luminal domain of GlcNAcTI was approximately as effective as the transmembrane domain in medial-Golgi localization of hybrid molecules. The cytoplasmic domain, although independently unable to retain reporter molecules to the Golgi apparatus, increased the ability of constructs containing either the luminal or transmembrane domain of GlcNAcTI to localize to the medial-Golgi.
Soluble, catalytically active forms of /?I,4GalT and ~2,6ST, which lack the cytoplasmic tail, transmembrane domain, and luminal stem region, have been detected in body fluids and are thought to be derived from the membrane-bound forms by proteolytic cleavage [67-693. When the cytoplasmic tail, transmembrane domain and luminal stem region of either /~2,6ST or /~I,4GalT are replaced by a cleavable signal sequence, the resulting truncated enzymes are also rapidly secreted from transfected cells [59, 70] . From these data it has been argued that the catalytic domains of glycosyltransferases do not contain Golgi retention signals. However, it is entirely possible that the luminal catalytic domain can only function in Golgi retention if it is anchored to the membrane. At this stage the relative contribution of the stem and catalytic domains in the localization of glycosyltransferases is unresolved.
Overall, it is most unlikely that Golgi retention is determined by a discrete and continuous sequence motif or peptide segment, but rather localization of Golgi glycosyltransferases could be mediated by interactions spanning the entire length of the molecule.
B. Mechanism of localization
What are the possible mechanisms for the compartmentspecific localization of the membrane-bound glycosyltransferases? It is unlikely that localization of glycosyltransferases involves a simple receptor-ligand interaction where the receptor is fixed in the Golgi cisternae, as over-expression of wild-type transferases does not result in saturation of the retention mechanism [38, 54-56, 59, 62]. An alternative Glycopinion mini-review possibility is that escaped Golgi glycosyltransferases are retrieved from post-Golgi compartments, as with soluble ER proteins. However, experimental evidence seems to argue against a retrieval system for Golgi glycosyltransferases. Wong et al. [60] have demonstrated that ~2,6ST leaked to the cell surface is not retrieved back to the Golgi apparatus. Also we [66] have demonstrated that/~I,4GalT which has escaped Golgi retention undergoes a post-translational modification, probably in the TGN, before appearance at the cell surface; as the Golgi-localized /?1,4GAIT does not accumulate this modification, a retrieval system would appear unlikely to play a dominant role.
What could be the basis of an active Golgi retention mechanism? It has been suggested by a number of investigators that retention of Golgi glycosyltransferases could be mediated by the formation of protein aggregates within the membranes of the correct Golgi cisternae [71] [72] [73] . This model proposes that such oligomers or aggregates of glycosyltransferases would then be excluded from entry into vesicles for forward transport. Although an attractive hypothesis, the evidence for aggregation remains largely indirect. Recent elegant experiments performed by
Nilsson et al. [74] have shown that the addition of an ER retention motif to the GlcNAcTI cytoplasmic tail not only causes GlcNAcTI to localize to the ER but also partially retains another medial-Golgi enzyme, namely ~-mannosidase II, within the ER. Furthermore, Burke [75] has demonstrated co-precipitation of GlcNAcTII activity, another medial-Golgi enzyme, using antibodies specific to GlcNAcTI. As the amino acid sequences of the GlcNAcTI and GlcNAcTII transferases are not related, a likely explanation is the association of enzymes which occupy the same Golgi cisternae. Warren and colleagues have coined the term 'kin recognition' to denote this self-association of Golgi enzymes [72] . The proposed aggregation of Golgi glycosyltransferases is also consistent with earlier observations that the majority of GlcNAcTI and/~I,4GalT exist as high molecular weight material following detergent extraction of tissue [39, 76] .
How could the three domains of a glycosyltransferase play a role in aggregation? The fact that each domain of GlcNAcTI is required for complete Golgi retention implies that all three domains may be involved in the lateral interactions which lead to aggregate formation. For example, the transmembrane domains of resident Golgi proteins may mediate homo-or hetero-dimerization via protein protein interactions along uncharged polar faces of c~-helixes, predicted for some of the glycosyltransferases [71] , or along one face of the c~-helix containing a leucine zipper, as predicted for GlcNAcTI [44] . Such dimers may form prior to their arrival in the Golgi, as indicated by the results of ER retention of GlcNAcTI/ManII [74] . These homo-or hetero-dimers may then be induced to interact, within the correct Golgi microenvironment, through their large luminal domains, resulting in a two-dimensional aggregate ( Fig. 5) . Aggregation may be induced by differences within the Golgi cisternae, such as pH and calcium concentration. This model differs somewhat from that of Warren's group which proposes that the Golgi enzymes form homo-dimers (via their stem regions) and interact via their transmembrane domains with different neighbours to generate linear hetero-oligomers. ~-Mannosidase II has been shown to be a disulphide-bonded dimer, but there is no evidence of stable covalent dimer formation for any of the Golgi glycosyltransferases. The first report of a purified membrane-bound form of glycosyltransferase, namely /~I,4GalT, indicates that no disulphide bonded dimers exist [76] , contrary to an earlier suggestion [77] . In addition, Warren's model of linear heteroaggregates cannot readily explain the efficient Golgi retention of hybrid molecules containing a transmembrane domain of a glycosyltransferase and a reporter molecule known to be a monomer in the native state, such as ovalbumin [38, 59, 61] . Retention of such hybrid molecules could only occur at the ends of the Iinear aggregates, via their transmembrane domains, and would effectively cap these linear structures resulting in only a very minimal number of hybrid molecules retained in the Golgi apparatus.
Finally, the cytoplasmic tail of the glycosyltransferases may be necessary for either transmembrane-mediated dimerization or, as proposed by Slusarewicz et al. [78] , may interact in a salt-dependent manner with a putative intercisternat matrix. Consistent with this proposal, the differences in solubility of wild-type GIcNAcTI and the GlcNAcTI hybrid proteins indicate that Golgi localized molecules may exist in a different physical state from their cell surface counterparts [61] . An interaction of the glycosyltransferases with the intercisternal matrix (the "Golgi glue'), either directly or indirectly, would ensure that the aggregates are immobilized within the Golgi membranes and so are excluded from transport vesicles. Clearly an aggregation model of retention may involve many additional components and further biochemical analysis is now required.
A model of Golgi localization also needs to account for the presence of soluble catalytically active forms of fil,4GalT and ~2,6ST which have been detected in body fluids. The retention model proposed above could allow the release of soluble catalytic oligomers from the Golgi aggregate by proteolytic cleavage, with the subsequent dissociation of the oligomers to monomers.
Gotgi membranes differ in lipid composition from the ER and plasma membranes. Such lipid differences may be important in mediating interactions between the transmembrane domains of glycosyltransferases. A lipid mediated mechanism of protein sorting has been proposed by Bretscher and Munro [79] who have suggested that the typically shorter transmembrane domains of Golgi proteins may interact selectively with the low cholesterol bilayers of Golgi membranes and be excluded from the thicker, cholesterol-sphingotipid enriched bitayers of post-Golgi membranes. A protein-lipid interaction is compatible with the observations that the length of the hydrophobic stretch coupled with the adjacent flanking residues is important in Gotgi retention, rather than the actual amino acid sequence.
The models discussed above are by no means mutually exclusive and it is possible that the Golgi retention mechanism includes both a protein-lipid interaction (via the transmembrane domains of the proteins) as well as protein-protein aggregation.
Based on the aggregation model of Golgi retention outlined above, wild type glycosyltransferases expressed in transfected cells may be retained within Golgi cisternae as a consequence of self aggregation, or by virtue of their ability to interact or 'dock' to existing aggregates within the Golgi apparatus of the mouse cells. Self aggregation, as opposed to docking, represents a potentially non-saturable means of retention, consistent with the many reports that glycosyltransferases expressed in heterologous cell lines do not leak to the plasma membrane even when expressed at vastly elevated levels [38, 54-56, 59, 62] . On the other hand, hybrid constructs would have a reduced capacity to self-aggregate, due to insufficient domains, and may be retained by interacting or 'docking' to existing aggregates within GoIgi membranes, either through their luminal domain or transmembrane domain (Fig. 6) . This would be a more readily saturable means of retention, with only a Figure6. Model of Golgi retention of hybrid proteins. Glycosyltransferase domains are indicated in black, and reporter domains in white and grey. It is proposed that hybrid molecules are retained within the correct Golgi cisternae by docking to an existing endogenous (E) glycosyltransferase aggregate (shown for simplicity as a homo-aggregate) through either the luminal domain or the transmembrane domain of the glycosyltransferase molecules. finite number of exposed, endogenous molecules available as 'docking' sites. The fact that Golgi localized GlcNAcTI hybrid proteins, including those which lack the GlcNAcTI cytoplasmic tail, are predominantly localized to medial-Golgi cisternae is in agreement with this proposal [61] . Thus, Golgi localization of hybrid molecules probably reflects the minimum structure(s) required to 'dock' with endogenous Golgi aggregates. This model would also help to explain the discrepancies between studies as the expression levels of the hybrid molecules would be an important factor in the efficiency of Golgi localization.
The high level of conservation of individual glycosyltransferases across species is also consistent with structural constraints imposed by such an aggregation model. A conserved structure would be required in order to preserve the many interactions with neighbouring enzyme molecules of a heteroaggregate within the Golgi compartment. If Golgi glycosyltransferases have evolved with a fundamental requirement for such inter-molecular interactions, it would also explain the conservation of the retention mechanism across species and also the ability of an animal glycosyltransferase to be apparently correctly housed in the Golgi apparatus of plant cells [80] .
II. Golgi-localized viral proteins
While most viruses mature at the plasma membrane, a limited number of viruses acquire their envelopes by budding into intracellular compartments. Viruses which assemble from Golgi membranes include, coronavirus, bunyavirus and pox virus [81, 82] . Viral budding from the Golgi apparatus is probably determined by the targeting of one or more viral glycoproteins to the Golgi membranes. Indeed, a number of viral proteins have been shown to be independently targeted to the Golgi apparatus, including the M glycoproteins of an avian coronavirus [83] and a related murine coronavirus [84, 85] , the E1 and E2 spike glycoproteins of Rubella virus [86] and the G1 glycoprotein of Punta Tora virus [87] . As a consequence of the specific localization of these viral glycoproteins they represent useful tools for the study of protein targeting to the Golgi apparatus.
The M (formerly called El) glycoprotein of the avian coronavirus, infectious bronchitis virus (IBV), has been shown to be localized specifically to the cis-Golgi cisternae [83] . In contrast to the type II membrane orientation of the glycosyltransferases, the IBV M gtycoprotein contains a short glycosylated amino-terminal domain, three membrane spanning domains and a carboxy-terminat cytoplasmic tail. Only the first of the three membrane spanning domains of M glycoprotein of IBV is required to retain this protein in the Golgi [88] . Furthermore, this membrane spanning domain is sufficient to confer Golgi localization upon a plasma membrane localized protein [89] . Thus, as for the gtycosyltransferases of the medial and trans-cisternae and the TGN, the transmembrane domain of a resident protein of the cis-cisternae has also been implicated in retention. Extensive mutagenesis showed that four polar residues in the first M transmembrane domain were critical for Golgi retention of a hybrid protein with the VSV G glycoprotein [90] . These four polar residues are predicted to form an uncharged polar face along one side of an c~-helix, which has potential to be involved in protein-protein interactions and mediate oligomer formation. Indeed, aggregation has been shown to correlate with retention of this M hybrid protein in the Golgi apparatus [91] . These investigators demonstrated that the appearance of SDS-resistant aggregates of the M hybrid protein correlated with Golgi localization, whereas mislocatized transmembrane domain mutants do not form oligomers. The aggregates have not been biochemically characterized but it is possible that they include endogenous Golgi proteins. However, SDS-resistant oligomers of the native M glycoprotein were not detected in this study [91] , thus the relationship between aggregate formation of the M hybrid molecule and Golgi retention of the native M protein remains unclear.
In contrast to the findings for the M glycoprotein of IBV,
Machamer et al. [90] have shown that the first transmembrane domain of the M glycoprotein of the related murine coronavirus mouse hepatitis virus (MHV) is not sufficient for Golgi localization. Indeed, Armstrong and Patel [92] had earlier reported that the MHV M glycoprotein requires its cytoplasmic tail for Golgi retention. However, these investigators also noted that alterations of other domains of native MHV M protein were found to perturb Golgi localization. Thus regions outside the transmembrane domain appear to be involved in the localization of this M protein. As the MHV M glycoprotein is targeted to the TGN, rather than the cis-Golgi, when expressed from cDNA [85] , the different locations of these coronavirus M glycoproteins may account for the difference in targeting signals. Alternatively, as all the domains of glycosyttransferases appear to contribute to Golgi retention, it is possible that these two viral proteins are exploiting different structural features to 'mimic' the retention of endogenous Golgi proteins.
Ill. Recycling membrane proteins of the late-Golgi
In the past few years it has become apparent that there is a distinct set of resident Gotgi proteins in the TGN of mammalian cells, and the late Golgi of yeast, that have features associated with their localization which are distinct from the Golgi glycosyltransferases [93] [94] [95] . These differences are associated with the structure of the proteins. The group includes the mammalian TGN38/41 [95] and furin [96] , and the yeast proteolytic enzymes Kexlp, Kex2p, and dipeptidyl aminopeptidase A (DPAP A) (for review see [97] ). In contrast to the Golgi glycosyltransferases, TGN38/41, furin, Kextp and Kex2p are type I membrane proteins, however, membrane orientation is not a distinguishing characteristic of the group as DPAP A is a type II membrane protein.
In contrast to the Golgi glycosyltransferases, the cytoplasmic tail of all these proteins is essential for Golgi localization and, in addition, a retrieval signal plays a role in defining residence of these proteins to the TGN or late Golgi. TGN38/41 is a heterodimeric membrane protein complex which cycles between the TGN and the cell surface [95, [98] [99] [100] . TGN38/41 has been shown to interact with cytosolic proteins and may be involved in the formation of exocytic vesicles from the TGN [95, [98] [99] [100] . A number of groups have demonstrated that the tetrapeptide sequence YQRL, within the 33 amino acid cytoplasmic tail of TGN 38, is both necessary and sufficient to target this membrane protein to the TGN [101] [102] [103] . This tyrosine-containing motif also acts as an internalization motif from the plasma membrane, via interaction with clathrin-coated pits. Recently this tyrosine motif has been shown to lie within an ~-helix, and not a tight /~-turn conformation which is typical of other tyrosine-containing internalization motifs [104] . There is evidence that individual amino acids around the tyrosine of the TGN 38/41 internalization motif could signal different intracellular locations. For example, mutation of the YQRL sequence to YQDL abrogated TGN localization of TGN 38 but did not affect internalization [101] .
Recently furin, a membrane associated subtilisin-like protease, has been shown to be concentrated in the TGN [96] . Like TGN38/42, furin also cycles between the cell surface and TGN. Sequences of the cytoplasmic tail of furin are required for TGN targeting, and a potential tyrosine motif has been identified [96, 105] . On the other hand, potential tyrosine motifs for internalization appear to be absent in the cytoplasmic tails of Gotgi glycosyltransferases.
The yeast proteins DPAP A, Kex2p and Kexlp are all integral membrane proteins with cytoplasmic tails of about 100 amino acids. These cytoplasmic tails are required for retention of these enzymes in the late Golgi since deletions in the tail reduce the efficiency of retention [106] [107] [108] . The retention signals within the cytoplamic tails of these proteins have been identified and are very similar to the proposed general motif for clustering into clathrin-coated pits of animal cells (see [94, 97] ). Deletion of the Golgi retention signal, or over-expression of these proteins, results in mislocalization to the vacuolar compartment. This initially surprising finding has led to the conclusion that the default destination for membrane proteins in the yeast secretory pathway is the vacuolar compartment and not the plasma membrane. Studies on the yeast vps mutants suggest that DPAP A may leak from the late Golgi and is transported, via the default pathway, to a post-Golgi/pre-vacuolar compartment [-97] . The cytoplasmic localization signals of these escaped DPAP A moiecules then mediate retrieval back to the late Golgi; in the absence of the cytoplasmic tail Golgi localization signals these membrane proteins would continue to be transported along this default pathway to vacuoles. Thus there are clear similarities in the mechanism of Golgi localization of these yeast proteolytic enzymes and mammalian TGN38/41 and furin.
I V. Part-time Golgi receptors
The KDEL receptor resides in the CGN and possibly throughout the entire Golgi stack [22, 24] . The KDEL receptor is predicted to have six or seven transmembrane domains [109] . Empty receptors do not recycle back to the ER, however, after binding to ligand the ligand-receptor complex is then returned by retrograde transport to the ER [24] . Thus, this receptor is likely to have signals for GoIgi localization. However, mutational analysis of the KDEL receptor, although defining structural features associated with ligand binding and retrograde transport, revealed very little about the nature of the putative Golgi localization signal [t09].
V. Peripheral membrane Golgi proteins
There are a number of structural membrane proteins and proteins associated with the machinery of vesicular transport that are localized specifically to the Golgi apparatus, for example/~-COP [110], rab6 and tab12 [111] , p230 [112] , p200 [113] , heterotrimeric G proteins [114, 115] , sec 7 [116] and the actin binding protein, comitin [117] (Table 1) . These are not integral membrane proteins as they do not have transmembrane domains, but rather are peripheral membrane proteins associated with the cytosolic face of Golgi membranes. Some of these components recycle between a cytosolic pool and Golgi membranes. In general very little is known about the Gotgi localization signals for these peripheral membrane proteins. There is evidence that the carboxy-terminat region of the GTP binding protein G,n is required for Golgi membrane binding [118] . Membrane association of rab proteins requires the geranylgeranylation of one or two C-terminal cysteines [119] as well as a localization signal to define the organelle-specificity. The hypervariable C-terminus of rab proteins has been implicated in localization [120] , although a recent study on rab6 indicates that efficient localization of this rab protein to Golgi membranes requires both N-terminal and C-terminal domains [121] . The identification of the precise nature of the targeting signals and the mechanism of localization of these peripheral membrane proteins will be important to the understanding of the organization of the Golgi apparatus and vesicular transport.
Conclusion
It is now apparent that the localization of resident Golgi proteins includes more than one mechanism. For some late Golgi membrane proteins a retrieval system operates to recycle proteins from post-Golgi compartments. On the other hand, Golgi glycosyltransferases appear to be actively retained within Golgi membranes; there is no evidence that glycosyltransferase molecules which have leaked from the Golgi apparatus can be retrieved. From many 'cut and paste' experiments it is apparent that the localization of glycosyltransferases does not involve a discrete retention signal but may be dependent on many interactions spanning the length of the molecule. Furthermore, there is increasing evidence to suggest that retention of glycosyltransferases involves the formation of aggregates within the Golgi apparatus. The challenge now is to biochemically characterize these aggregates, to identify any associated molecules that may be important in mediating retention, and to identify the conditions which induce aggregation. This will require the development of novel strategies to allow the isolation and biochemical analyses of individual Golgi compartments, in particular the lipid composition, the organization of the resident proteins within Golgi membranes, and the nature of interactions with the intercisternal matrix. Thus, the problem now is understanding the biogenesis of Golgi membranes themselves.
